INTRODUCTION
============

Nonalcoholic fatty liver disease (NAFLD) is becoming a global epidemic, with a morbidity of up to 20%, even reaching 75%--92% in obese individuals in the United States \[[@B1]\]. The early manifestation of NAFLD is altered lipid metabolism, resulting in hyperlipidemia. Obesity and other diseases are considered the "first hit" in NAFLD pathogenesis, and the "second hit" is deemed to be lipid peroxidation and oxidative stress caused by excessive hepatic triglyceride storage \[[@B2]\].

Medium- and long-chain triglyceride (MCT/LCT) propofol is a common drug used for clinical anesthesia and sedation. Compared with long-chain triglyceride (TG) propofol, propofol formulated in medium- and long-chain TGs is thought to cause less pain when injected and has a more rapid TG elimination, and thus, it is widely used clinically \[[@B3][@B4][@B5]\]. A single intravenous injection of MCT/LCT propofol is rapidly redistributed *in vivo*, followed by metabolism in the liver. However, extrahepatic factors, such as renal excretion and hemodilution, also affect the efficacy of propofol, and thus, blood propofol levels decrease quickly. MCT/LCT propofol has a phenolic hydroxyl group that is easily oxidized causing polymerization. This group blocks many pathways involved in pathophysiological changes of oxidative stress, such as free-radical-mediated lipid peroxidation, membrane structure and mobility changes \[[@B6][@B7]\]. Meanwhile, MCT/LCT propofol also improves the cell\'s ability to reduce antioxidant damage, hydroxyl radical levels and oxidative stress \[[@B8][@B9]\]. However, the effects of the use of propofol over a long period of time in clinical sedation are unclear. In addition, the minimum effective dose of propofol is unknown along with how to prevent possible adverse effects in patients with hyperlipidemia. Thus, a better understanding the cellular effects of MCT/LCT propofol *in vitro* would contribute to finding these answers.

The synthesis of fatty acids in the liver requires ATP citrate synthase, acetyl coenzyme A carboxylase (ACC) and fatty acid synthetase, and among these, the most easily regulated is ACC. ACC catalyzes the first reaction of fatty acid synthesis to produce fatty acid carbon chains, promoting the further synthesis of long-chain fatty acids. Changes in the expression and activation of key molecules synthesized by ACC directly affect the uptake and synthesis of hepatic fatty acids. Excessive fatty acid oxidation, degradation and secretion leads to fatty acid degeneration in the liver \[[@B10]\]. One study showed that the ACC content in the adipose tissue and liver of obese patients was significantly higher than it those of their counterparts with a normal body weight \[[@B11]\]. ACC has two main isoforms, including ACC1 and ACC2. ACC1 is found in the cytoplasm of liver cells, where it catalyzes acetyl-CoA carboxylase to malonyl CoA and promotes fatty acid synthesis \[[@B12]\]. ACC2 is mainly expressed in the mitochondria. Animals lacking ACC2 are healthy and have good metabolic characteristics. In contrast, the lack of ACC1 leads to embryonic death. However, ACC1 +/− mice show no abnormalities in the de novo synthesis hepatocyte fatty acids or the β-oxidation pathways \[[@B13]\].

The energy sensor AMP-activated protein kinase (AMPK) is a key player in the regulation of energy metabolism \[[@B14][@B15][@B16][@B17]\] through its repression of fatty acid and TG synthesis \[[@B18]\]. Importantly, AMPK regulates hepatic lipid metabolism *via* the phosphorylation of its well-recognized downstream target ACC \[[@B19][@B20][@B21][@B22]\].

Herein, we hypothesized that when HepG2 and Huh7 cells are treated with MCT/LCT propofol after stimulation with free fatty acids (FFAs), the cellular lipid metabolism is altered. Thus, in the present study, we examined the ACC/AMPK signaling pathway using this high-fat cell culture model to uncover the molecular mechanism regulating this phenomenon.

METHODS
=======

Cell culture
------------

HepG2 and Huh7 cells were cultured in Dulbecco\'s minimum essential medium (DMEM) containing 10% fetal bovine serum (FBS), 100 U/ml penicillin and 100 µg/ml streptomycin in an incubator with 5% CO~2~ at 37℃. A total of 24 h later, the medium was refreshed. At a confluence of 80%, the cells were passaged after digestion by trypsin (0.1%). All the cells used in this study were in the logarithmic growth period. This study was approved by the ethical committee of Beijing Anzhen Hospital, Capital Medical University (201832X).

Cell viability
--------------

Cell viability was assessed using an MTT assay (SIGMA, St. Louis, MO, USA). The cells were seeded into 96-well plates (2,500 cells/well) for 24 h at 37℃ and were treated with FFAs and MCT/LCT propofol at different concentrations. The DMEM containing buffer A was used as the control. After the treatment, the cells were washed with phosphate buffered saline (PBS) and were incubated with MTT and incubated at 37℃ for 4 h. Then, dimethyl sulfoxide was added to each well and was mixed completely. The absorbance was read at 490 nm. The experiments were repeated at least three times.

High-fat stimulation
--------------------

At total of 1 × 10^6^ HepG2 and Huh7 cells (American Type Culture Collection, Manassas, VA, USA) were seeded into 6-well plates, and they were cultured in DMEM containing 10% FBS, 100 U/ml penicillin and 100 µg/ml streptomycin. A total of 24 h later, the cells were treated with 2 mmol/L FFA (SIGMA) for 24 h.

Propofol intervention
---------------------

MCT/LCT propofol was purchased from Fresenius-Kabi (Bad Homburg, Germany). The cells were seeded in 35 mm culture dishes at a density of 2 × 10^5^ cells/mm. Seven groups were set, including the blank control group (0 µg/ml), MCT/LCT propofol group 1 (4 µg/ml for 24 h), MCT/LCT propofol group 2 (4 µg/ml for 48 h), MCT/LCT propofol group 3 (4 µg/ml for 72 h), MCT/LCT propofol group 4 (8 µg/ml for 24 h), MCT/LCT propofol group 5 (8 µg/ml for 48 h), and MCT/LCT propofol group 6 (8 µg/ml for 72 h). The seven groups were incubated in a humidified environment at 37℃ with 5% CO~2~. The medium containing propofol in the propofol intervention groups was replaced every 24 h. At each time point, the medium in propofol intervention groups 1 to 6 was replaced with fresh medium without propofol. The medium in the blank control group was replaced with medium without propofol every 24 h. All the cells were cultured in an incubator for 72 h. The incubation times and dosages were based on previous *in vitro* studies \[[@B23][@B24]\].

Oil red O staining
------------------

After the treatment described in above, the cells were washed with PBS and were fixed with 10% formalin for 30 min. Subsequently, the cells were stained with an Oil Red O working solution (SIGMA) for 30 min at room temperature. After extraction with 100% isopropanol, the Oil Red O content was quantified by evaluating the absorbance of each well with a spectrophotometer at 490 nm.

TG content measurement
----------------------

The TG content in the cell lysates was measured using a commercial kit (Sigma-Aldrich, St Louis, MO, USA). The cell lysates (from 5 × 10^5^/60 mm Petri dishes) were prepared on ice and were incubated with 2% TritonX-100 (Amresco, Solon, OH, USA) according to the manufacturer\'s instructions. The protein concentrations were determined using a BCA Protein Assay Kit (SIGMA). The results are expressed as mM/g.

Detection of ACC1 activity
--------------------------

After the various treatments, the cells (1 × 10^5^/ml) were subjected to repeated freezing and thawing for lysis and for promoting the release of their intracellular components. Then, the samples were centrifuged for 20 min at 3,000 rpm, and the supernatants were carefully collected. In case of precipitation during preservation, the centrifugation was carried out again before using the samples. After the washing solution (300 µl) was added into the wells, the samples were mixed gently for 30 sec, and the plates were blotted on absorbent paper, and this was repeated for a total of 5 times. Then, the cells were incubated with the ACC1 antibody (Bioscience, San Diego, CA, USA) and were washed again. After the chromogenic reaction, the absorbance was read at 450 nm.

Western blot
------------

The total proteins were extracted using lysis buffer. Equal amounts of the protein were separated using 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and were transferred to polyvinylidene difluoride membranes. The membranes were blocked for 1 h at room temperature using 5% nonfat milk and were incubated overnight at 4℃ in the appropriate primary antibody, which included rabbit anti-p-ACC (abcam, 1:250), rabbit anti-ACC (abcam, 1:250), rabbit anti-p-AMPK (abcam, 1:250), rabbit anti-AMPK (abcam, 1:250) and rabbit anti-GAPDH (abcam, 1:250). Then, the membranes were washed 3 times for 10 min each with Tris-buffered saline containing Tween and were incubated with horseradish peroxidase-conjugated secondary antibodies for 1 h at room temperature. Following additional washes, the immunoreactive proteins on the membrane were visualized with enhanced chemiluminescence plus reagents (Millipore, Plano, TX, USA). The intensities of the immunoreactive proteins were measured *via* image J and were normalized to GAPDH. All the experiments were repeated at least 3 times.

Statistical analysis
--------------------

The data are expressed as the mean ± standard deviation and are illustrated using GraphPad 5 software (GraphPad Software, Inc., San Diego CA, USA). The SPSS 17.0.1 (SPSS Inc., Chicago, IL, USA) software was used for the statistical analysis. The data were assessed by ANOVA or a Student\'s t-test. p \< 0.05 was considered statistically significant.

RESULTS
=======

Cytotoxicity of FFA and MCT/LCT propofol on HepG2 and Huh7 cells
----------------------------------------------------------------

The effects of the different concentrations of FFAs and MCT/LCT propofol on cell viability were examined using an MTT assay. Cell viability was not affected by the use of FFAs up to 1 mmol/L and 8 µg/ml MCT/LCT propofol in human HepG2 and Huh7 cells ([Fig. 1A, B](#F1){ref-type="fig"}). However, cell viability notably decreased when the FFA concentration was 2 mmol/L and when 12 µg/ml MCT/LCT propofol was used. Thus, we used 1 mmol/L FFAs along with 4 and 8 µg/ml MCT/LCT propofol for the subsequent experiments.

MCT/LCT propofol inhibits FFA-induced lipid accumulation in HepG2 and Huh7 cells
--------------------------------------------------------------------------------

In order to evaluate the effect of MCT/LCT propofol on lipid accumulation, after the FFA and MCT/LCT propofol treatment, cell proliferation and TG content were assessed. We found that 1 mmol/L FFA significantly increased the TG content compared to that in the control group. In addition, the Oil Red O staining results suggested that the FFAs caused the hepatic lipids to accumulate. The MCT/LCT propofol treatment partially reversed the effects of the FFAs ([Fig. 2A, B](#F2){ref-type="fig"}). These data suggested that MCT/LCT propofol does not exacerbate the negative effects caused by FFAs and actually may demonstrate some type of beneficial effect.

MCT/LCT propofol inhibits ACC1 activity in HepG2 and Huh7 cells
---------------------------------------------------------------

Next, we assessed ACC1 activity in the cells after the MCT/LCT propofol treatment. The MCT/LCT propofol treatment decreased the ACC1 activity in the HepG2 and Huh7 cells after 24 and 48 h of treatment at both 4 and 8 µg/ml of MCT/LCT propofol ([Fig. 3A, B](#F3){ref-type="fig"}). These data suggested that the MCT/LCT propofol treatment lowered lipid metabolism in the cells, which might lead to reduced fatty acid synthesis and fat accumulation in the cells.

MCT/LCT propofol promotes the phosphorylation of ACC in HepG2 and Huh7 cells
----------------------------------------------------------------------------

Next, the phosphorylation of ACC was assessed using a western blot analysis. The results revealed that the MCT/LCT propofol treatment promoted the phosphorylation of ACC (p-ACC Ser79) in the HepG2 and Huh7 cells after 24 and 48 h of treatment with both 4 and 8 µg/ml of MCT/LCT propofol ([Fig. 4A, B](#F4){ref-type="fig"}). These data further support that fatty acid synthesis might be reduced by the MCT/LCT propofol treatment due the fact that it phosphorylates ACC in the cells.

MCT/LCT propofol reverses the FFA-induced phosphorylation inhibition of ACC and AMPK in HepG2 and Huh7 cells
------------------------------------------------------------------------------------------------------------

Finally, the phosphorylation of aAMPK (p-AMPK) and p-ACC (Ser79) was assessed by a western blot to assess the effect of MCT/LCT propofol after FFA stimulation. FFA treatment remarkably inhibited the p-ACC level in both cell lines. However, the addition of the MCT/LCT propofol treatment with the FFA treatment significantly increased p-ACC and p-AMPK compared to the FFA treatment alone ([Fig. 5A, B](#F5){ref-type="fig"}). These data provide evidence that under high-fat stimulation, the cell lines displayed a lipid metabolic pattern that was consistent with what is observed in obesity, and the MCT/LCT propofol treatment altered this signature to be less pathogenic.

DISCUSSION
==========

Due to the effects of multiple factors, such as poor living habits and diet, the number of obese patients is on the rise. The incidence of NAFLD in China steadily increases, with the current rate reaching 15% \[[@B14]\]. Because of the high incidence of NAFLD in obese patients, the issue of providing them with the appropriate anesthesia during surgery has become an area of interest. Thus, this study aimed to assess the effect of MCT/LCT propofol, which is commonly used for the induction and maintenance of general anesthesia in obese patients, on hepatic cellular metabolism, in order to provide better information on how to properly use propofol for sedation and anesthesia in obese patients, with the goal of reducing perioperative liver damage as well as perioperative mortality.

Lipid accumulation is widely accepted as the main cause of NAFLD, which induces the degradation of fatty tissue \[[@B2]\]. The main cause of this is a lipid metabolism disorder that is caused by fat deposition in the liver. In addition, there is reduction in cell viability because of an imbalance between the anti-oxidation/oxidation systems, which leads to lipid peroxidation. In fact, it is actually the accumulation of TG in the liver that is the main characteristic of NAFLD \[[@B10]\]. In our study, we used HepG2 and Huh7 cell lines that were treated with FFAs to stimulate a high-fat condition *in vitro*. The induced lipid accumulation and the increased TG content in the cells after the FFA treatment demonstrated that we had successfully created a cellular model to study the effect of MCT/LCT propofol on liver cells that represented those from patients with NAFLD. In fact, the treatment with MCT/LCT propofol partially reversed the changes caused by the FAA treatment, suggesting that the use of this drug during surgery would not further increase fat accumulation in patients with NAFLD and it may even have some beneficial effects.

After observing the lipid and TG effects, we went on the assess lipid metabolism at the molecular level. We observed that FFA decreased the phosphorylation of both ACC and AMPK, but the MCT/LCT propofol treatment significantly promoted the phosphorylation of these proteins. When activated, AMPK induces hepatic fatty acid oxidation and ketogenesis, and it blocks cholesterol synthesis, lipogenesis, and TG synthesis \[[@B25]\]. Furthermore, ACC serves as a downstream effector of AMPK. When ACC is phosphorylated at Ser79 by AMPK it is inactive and downregulates lipid metabolism \[[@B26]\]. Our western blot data revealed that the MCT/LCT propofol increased AMPK and ACC phosphorylation levels after the reduction seen with the FFA treatment, indicating that lipid synthesis and metabolism were blocked by the drug.

It is well known that vitamin E has antioxidant effects, and it is used as a first-line drug for the treatment of NAFLD. The structure of propofol is similar to that of vitamin E. *In vitro* and *in vivo* studies show that propofol inhibits lipid peroxidation, protecting cells against oxidative stress and increasing the plasma antioxidant capacity \[[@B27]\]. In this study, propofol was assessed at 0, 4, and 8 µg/ml, which were concentrations based on previous studies \[[@B28][@B29][@B30][@B31][@B32]\] and our preliminary results. In addition, FFA was used to establish the high-fat stimulation. ACC1 activity in the HepG2 and Huh7 cells was altered after an *in vitro* culture with 4--8 µg/ml propofol. These results showed that propofol (4--8 µg/ml) had a significant effect on ACC. Thus, in individuals with increased ACC1 enzyme activity, such as obese patients, the application of propofol might reduce the activity of the increased ACC1 enzyme in the liver cells. In addition, in theory, the moderate inhibition of ACC1 activity with MCT/LCT propofol would not lead to an abnormal fat metabolism, softening the "second hit" in the pathogenesis of NAFLD. However, it should be noted that there is a proposal that for obese patients, a diet that contains a balance between MCTs and LCTs could help to suppress body fat accumulation \[[@B33]\]. Thus, in future studies, it will be important to assess the effect of the MCT/LCT component of propofol by itself to determine if that is the reason for the effects observed in this study.

After treating high-fat stimulated human hepatoma HepG2 and Huh7 cells with MCT/LCT propofol, we showed that hepatic lipid synthesis and metabolism might be affected by MCT/LCT propofol at the molecular level. Moreover, the regulation of the AMPK/ACC signal axis was involved in the molecular mechanism of the MCT/LCT propofol effect. These findings suggest that using MCT/LCT propofol was not pathogenic to the liver cells in this *in vitro* setting. However, more studies are required to determine if this is true *in vivo* and when propofol is used long-term in patients with NAFLD.
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![Cytotoxicity of free fatty acid (FFA) and medium- and long-chain triglyceride (MCT/LCT) propofol on hepatocytes.\
(A) HepG2 and Huh7 cells were treated with different concentrations of FFA, MTT was used to evaluate the cell viability. (B) HepG2 and Huh7 cells were treated with different concentrations of MCT/LCT propofol, then evaluated the cell viability. ^\*^p \< 0.05 , ^\*\*^p \< 0.01, ^\*\*\*^p \< 0.001 *vs.* control group.](kjpp-24-19-g001){#F1}

![Medium- and long-chain triglyceride (MCT/LCT) propofol inhibited free fatty acid (FFA)-induced lipid accumulation in HepG2 and Huh7 cells.\
(A) After FFA and 4 µg/ml or 8 µg/ml MCT/LCT propofol treatment, Oil Red O staining was used to detect the accumulation of hepatic lipids. Relative intracellular lipid level was determined in HepG2 and Huh7 cells (Oil Red O staining, magnification, ×400). (B) After 4 µg/ml or 8 µg/ml MCT/LCT propofol treatment, the TG content in different groups were detected. ^\*^p \< 0.05 *vs.* control group, ^\#^p \< 0.05 *vs.* FFA group.](kjpp-24-19-g002){#F2}

![Medium- and long-chain triglyceride propofol inhibited acetyl coenzyme A carboxylase (ACC)1 activity in HepG2 and Huh7 cells.\
(A) The ACC1 activity in HepG2 cell was detected by ELISA assay. (B) The ACC1 activity in Huh7 cell was measured. ^\*^p \< 0.05 *vs.* 0 h group.](kjpp-24-19-g003){#F3}

![Medium- and long-chain triglyceride propofol promoted the phosphorylation of acetyl coenzyme A carboxylase (ACC) in HepG2 and Huh7 cells.\
(A) Western blot was carried out to detect the expression and phosphorylation of ACC in different time points and concentrations in HepG2 and Huh7 cells. Pro (µg/ml) indicates Propofol (µg/ml). (B) Relative quantitative data analyses of p-ACC expression in HepG2 and Huh7 cells. ^\*^p \< 0.05 *vs.* 0 h group.](kjpp-24-19-g004){#F4}

![Medium- and long-chain triglyceride (MCT/LCT) propofol reversed free fatty acid (FFA)-induced phosphorylation inhibition of acetyl coenzyme A carboxylase (ACC) and AMPK in HepG2 and Huh7 cells.\
(A) Western blot was carried out to detect the expression and phosphorylation of ACC and AMPK after 4 µg/ml or 8 µg/ml MCT/LCT propofol treatment in HepG2 and Huh7 cells. (B) Relative quantitative data analyses of p-AMPK and p-ACC expression in HepG2 and Huh7 cells in different groups. ^\*^p \< 0.05 *vs.* control group, ^\#^p \< 0.05 *vs.* FFA group.](kjpp-24-19-g005){#F5}
